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Q u a r t z  g r a i n s  d i  s p l  ayi ng mu1 ti p l  e s e t s  o f  p l  anar  f e a t u r e s  (shock 
1 amel 1 ae) have been descr ibed from numerous Cre taceous-Ter t ia ry  (K-T) boundary 
c l a y s  and c lays tones  a t  b o t h  mar ine and nonmarine d e p o s i t i o n a l  s i t e s  around 
t h e  w o r l d  (1-6) .  A l l  these s i t e s  a l s o  show anomalously h i g h  amounts o f  
i r i d i u m  and enr ichments o f  o t h e r  s i d e r o p h i l e  elements i n  cosmic r a t i o s  w i t h i n  
these boundary u n i t s .  T h i s  combinat ion o f  m i n e r a l o g i c a l  and geochemical 
f e a t u r e s  has been used i n  suppor t  o f  an impact  hypothes is  f o r  t h e  end- 
Cretaceous e v e n t  ( 7 ) .  

Recent ly ,  i t  has been suggested t h a t  some combinat ion o f  e x p l o s i v e  and 
nonexp los ive  vo l  c a n i  sm assoc ia ted  w i t h  t h e  f o r m a t i o n  o f  t h e  Deccan t r a p s  i n  
I n d i a  c o u l d  have been r e s p o n s i b l e  f o r  t h e  minera logy and geochemistry seen i n  
t h e  K-T boundary u n i t s  (8,9).  Besides t h e  obv ious c o n t r a d i c t i o n  o f  
s imul taneous e x p l o s i v e  and nonexpl o s i v e  vo lcanism f rom one 1 oca1 i t y  d u r i n g  an 
i n s t a n t  o f  g e o l o g i c  t ime,  t h e r e  remains t h e  d i f f i c u l t y  o f  spreading b o t h  
i r i d i u m  (and t r a c e  elements i n  cosmic p r o p o r t i o n s )  and q u a r t z  g r a i n s  around 
t h e  w o r l d  by v o l c a n i c  (a tmospher ic)  t r a n s p o r t  (10). I n  a d d i t i o n ,  t h e  a b i l i t y  
o f  vo lcanism t o  produce t h e  t y p e  of shock metamorphism seen i n  m i n e r a l s  a t  t h e  
K-T boundary has n o t  been demonstrated. M u l t i p l e  s e t s  o f  shock l a m e l l a e  i n  
q u a r t z  ( a s  many as 9 s e t s  p e r  g r a i n )  a r e  cons idered c h a r a c t e r i s t i c  o f  shock 
metamorphism i n  r o c k s  a t  t h e  s i t e s  o f  known impact  c r a t e r s  (11) and a r e  t h e  
t y p e  o f  deformat ion seen i n  q u a r t z  from K-T boundary c l a y s  and c lays tones .  
S i n g l e  s e t s  o f  p o o r l y  d e f i n e d  l a m e l l a e  descr ibed f rom r a r e  q u a r t z  g r a i n s  i n  
c e r t a i n  v o l c a n i c  d e p o s i t s  ( 9 )  a r e  c h a r a c t e r i s t i c  o f  t e c t o n i c  de format ion  and 
do n o t  correspond t o  t h e  shock l a m e l l a e  i n  q u a r t z  f rom K-T sediments and 
impact  s t r u c t u r e s  ( 1 2 ) .  So-ca l l  ed "shock mosaicism" i n  q u a r t z  and f e l  dspar 
g r a i n s  descr ibed f rom v o l c a n i c  d e p o s i t s  ( 9 )  can r e s u l t  f rom many processes 
o t h e r  than shock metamorphism, and t h e r e f o r e  i s  n o t  cons idered t o  be an e f f e c t  
c h a r a c t e r i s t i c  s o l e l y  o f  shock. 

The minera logy o f  shock-metamorphosed g r a i n s  a t  t h e  K-T boundary a1 so 
argues a g a i n s t  a v o l c a n i c  o r i g i n .  I z e t t  ( 1 3 )  found, i n  a d d i t i o n  t o  i n d i v i d u a l  
shocked g r a i n s  o f  q u a r t z  and f e l d s p a r  (01 i g o c l a s e  and po tass ium- fe l  dspar, 
i n c l u d i n g  m i c r o c l i n e )  , composi te shocked g r a i n s  and l i t h i c  f ragments o f  
q u a r t z - q u a r t z  and q u a r t z - f e l d s p a r  w i t h  curved t o  s u t u r e d  g r a i n  boundar ies.  
T h i s  minera logy suggests d e r i v a t i o n  f rom impact i n t o  c o n t i n e n t a l  q u a r t z i t e s ,  
metaquar tz i  t e s ,  and g r a n i t e s - - n o t  f rom v o l c a n i c  e r u p t i o n s .  Badjukov e t  a1 . 
(5) a l s o  found compound q u a r t z  and q u a r t z - f e l d s p a r  g r a i n s  i n  K-T boundary 
sediments i n  t h e  U.S.S.R. 

I n  a d d i t i o n  t o  shocked quar tz ,  severa l  o t h e r  f e a t u r e s  o f  K-T boundary 
l a y e r s  a t t e s t  t o  an impact  o r i g i n .  M a g n e s i o f e r r i t e  ( s p i n e l  group) c r y s t a l s  
c o n t a i n i n g  e x t r a t e r r e s t r i a l  amounts o f  N i  and Ir have been found i n  b o t h  
mar ine (14)  and nonmarine (15)  K-T boundary l a y e r s .  T h e i r  smal l  s i z e  and 
euhedral  shapes , skel  e ta1  morpho1 ogies,  and t r a c e -  and m i  n o r - e l  ement c o n t e n t s  
i n d i c a t e '  d e r i v a t i o n  by condensat ion f rom a c l o u d  o f  vapor ized  b o l i d e .  The 
a s s o c i a t i o n  o f  t h e  m a g n e s i o f e r r i t e  c r y s t a l s  w i t h  shocked q u a r t z  and Ir i n  t h e  
uppermost l a y e r  o f  t h e  K-T boundary c l  aystone i n  nonmarine s e c t i o n s  suggests 
t h a t  t h i s  l a y e r  r e p r e s e n t s  vapor ized  and shocked m a t e r i a l  t h a t  was e j e c t e d  
v e r t i c a l l y  d u r i n g  impact  th rough t h e  h o l e  i n  t h e  atmosphere caused by t h e  
incoming b o l i d e  and t r a n s p o r t e d  g l o b a l l y  above t h e  s t r a t o s p h e r e .  
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Hol low spheru les as much as 1 mm i n  d iameter  a r e  n e a r l y  u b i q u i t o u s  i n  K-T 
boundary 1 ayer s. These spherul  es resembl e m i  c r o t e k t i  t e s  i n outward 
appearance; t h e  term spheru le  i s  n o t  always a p p l i c a b l e ,  because teardrops ,  
dumbbells, and o t h e r  sp lash  forms a r e  s i m i l a r  t o  t h e  forms o f  m i c r o t e k t i t e s .  
A1 though m i c r o t e k t i t e s  a r e  s o l  i d  and composed o f  g l a s s  [except  f o r  t h e  c l o s e l y  
a s s o c i a t e d  c l inopyroxene ( c p x )  spheru les] ,  t h e  w a l l s  o f  t h e  K-T spheru les can 
be composed o f  severa l  d i f f e r e n t  minera ls ,  depending on t h e  geochemistry o f  
t h e  d e p o s i t i o n a l  environment and 1 a t e r  d i  agenesi s.  The c e n t r a l  v o i d s  o f  these 
spheru l  e s  may be f i l l  ed w i t h  c l a y  o r  w i t h  secondary minera l  s , such as c a l c i t e  , 
gypsum, and b a r i t e .  I propose t h a t  these K-T spheru les a r e  m e l t  d r o p l e t s  
formed d u r i n g  impact,  e j e c t e d  as m i c r o t e k t i  tes ,  and t r a n s p o r t e d  w i t h i n  a h o t  
c l o u d  where d e v i t r i f i c a t i o n  formed an o u t e r  c r y s t a l l i n e  r i n d .  Replacement o f  
t h e  c r y s t a l l i n e  w a l l s  and s o l u t i o n  o f  t h e  g l a s s y  cores took p l a c e  l a t e r  a f t e r  
d e p o s i t i o n .  These spheru les  cannot  be i n f i l l i n g s  o f  marine p r a s i n o p h y t i c  
green algae, as has been proposed (161, because o f  t h e i r  occas ional  
nonspher ica l  shapes and because s i m i l a r  spheru les a r e  found i n  b o t h  mar ine and 
nonmarine K-T boundary c l a y s  and c lays tones .  

I n  t h e  Western I n t e r i o r  o f  Nor th  America, t h e  K-T boundary occurs  i n  
nonmarine r o c k s  a t  s i t e s  f rom New Mexico t o  A l b e r t a ,  Canada. The boundary 
event  i s  represented  by a c l a y s t o n e  2-3.5 cm t h i c k  t h a t  has two d i s t i n c t  
l a y e r s  (3 ,4) .  A t h i n ,  dark,  upper l a y e r  c o n t a i n s  c o n c e n t r a t i o n s  o f  shocked 
q u a r t z  g r a i n s ,  t h e  maximum s i z e  o f  which exceeds 0.5 mm. It a l s o  c o n t a i n s  
r a r e  m a g n e s i o f e r r i t e  c r y s t a l s  and t h e  h i g h e s t  i r i d i u m  anomaly i n  t h e  boundary 
c lays tone.  The l o w e r ,  t h i c k e r ,  1 i g h t - c o l o r e d  l a y e r  i s  composed m a i n l y  o f  
k a o l i n i t e ,  and c o n t a i n s  h o l l o w  spherules,  a l e s s e r  amount o f  Ir, and no 
m a g n e s i o f e r r i t e .  Recent ly ,  I d iscovered rounded, l a p p i l i - s i z e d  c l a y  c l a s t s  
c o n t a i n i n g  shocked q u a r t z  g r a i n s  and v e s i c l e s  i n  t h i s  k a o l i n i t i c  l a y e r .  I 
b e l i e v e  these c l a s t s  t o  be a l t e r e d  impact g l a s s  l a p i l l i ,  p robab ly  emplaced 
b a l l i s t i c a l l y .  The f i n e - g r a i n e d  m a t r i x  sur round ing  these c l a s t s  a l s o  c o n t a i n s  
angu lar  shocked q u a r t z  g r a i n s .  Rounded sandstone c l a s t s  i n  t h i s  l a y e r  may be 
l i t h i c  c l a s t s  o f  t a r g e t  rock .  These f i n d i n g s ,  a long w i t h  t h e  presence o f  
m i c r o t e k t i t e - l i k e  spheru les i n  t h e  k a o l i n i t i c  l a y e r ,  s t r o n g l y  suggest t h a t  t h e  
e n t i  r e  K-T boundary c l  aystone r e p r e s e n t s  a d i s t a l  e j e c t a  d e p o s i t .  The 
r e l a t i v e l y  g r e a t e r  t h i c k n e s s  o f  t h i s  d e p o s i t  i n  t h e  Western I n t e r i o r ,  compared 
t o  s i t e s  elsewhere i n  t h e  wor ld ,  adds t o  t h e  evidence f o r  an impact  on o r  near  
t h e  N o r t h  American c o n t i n e n t .  P r e v i o u s l y  , t h i s  h y p o t h e t i c a l  1 o c a t i o n  f o r  t h e  
c r a t e r  was based o n l y  on t h e  maximum s i z e s  o f  shocked q u a r t z  g r a i n s  ( 1 7 ) .  

REFERENCES: ( 1 )  Bohor, B.F. e t  a l .  (1984) Science 224, p. 867-869; ( 2 )  Bohor, 
B.F. e t  a l .  (1987) Science 236, p. 705-709; ( 3 )  Bohor, B.F. e t  a l .  (1987) 
Geology 15, p. 896-899; ( 4 )  I z e t t ,  G.A. and Bohor, B.F. (1985) i n  GSA Absts. 
w i t h  Prog. 18, p. 644; ( 5 )  Badjukov, D.D. e t  a l .  (1986) i n  L u n a r T l a n e t .  S c i .  
Conf. X V I I ,  LPI ,  Houston, p. 18-19; ( 6 )  P r e i s i n g e r ,  A. et a l .  (1986) Nature 
322, p. 794-799; ( 7 )  A lvarez ,  L.W. (1987) Phys ics  Today 40, p. 24-33; (8 )  
O f f i c e r ,  C.B. and Drake, C.L. (1985) Science 227, p . 1161-1167; ( 9 )  Car te r ,  
N.L. e t  a l .  (1986) Geology 14, p. 380-383; (10)  S e i t z ,  R.M. and Bohor, B.F. 
(1988) Naturwiss.  ( i n  p r e s s ) ;  (11) Bunch, T.E. (1968) i n  Shock Metamorphism o f  
N a t u r a l  M a t e r i  a1 s , Mono Book , Bal t i m o r e ,  p. 413-441 ; (12) A1 exopoul os , J . S. e t  
a l .  (1988) Geology ( i n  p r e s s ) ;  (13)  I z e t t ,  G.A. (1957) U.S.G.S. Open F i l e  
Rept. 87-606, 125 pp.; (14)  Bohor, B.F. e t  a l .  (1986/87) E a r t h  P l a n e t .  Sc i .  
L e t t .  81, p. 57-66; ( 1 5 )  Bohor, B.F. and Foord, E.E. (1987) i n  Lunar  P l a n e t .  
Sc i .  Conf. X V I I I ,  LPI, Houston, p. 101-102; (16)  Hansen, H . J T e t  a l .  (1986) 
Geol. SOC. Denmark B u l l .  35, p. 75-82; (17)  Bohor, B.F. and I z e t t ,  G.A. (1986) 
- i n  Lunar P lanet .  Sc i ,  Conf. X V I ,  LPI ,  Houston, p. 68-69. 


